OBJECTIVE -Offspring of diabetic mothers (ODM) are at increased risk of developing overweight and impaired glucose tolerance (IGT). Recently, we observed that early neonatal ingestion of breast milk from diabetic mothers (DBM) may dose-dependently increase the risk of overweight in childhood. Here, we investigate whether DBM intake during the late neonatal period and early infancy also influences later adipogenic and diabetogenic risk in ODM.
B
reast feeding was variously shown to protect against later overweight and diabetes (1) (2) (3) (4) (5) (6) . This effect is attributed to differences in the composition of formula compared with breast milk (3) . Offspring of diabetic mothers (ODM) are at increased risk of developing overweight and impaired glucose tolerance (IGT) even in childhood (7) (8) (9) (10) . Underlying mechanisms are still not understood. Clinical (8 -10) and experimental (11) (12) (13) studies have shown that a diabetic intrauterine environment plays a key role in programming of increased susceptibility to overweight and diabetes.
We recently observed that ingestion of breast milk from diabetic mothers (diabetic breast milk; DBM) during the 1st neonatal week may dose-dependently lead to increased rather than decreased risk of overweight in later childhood of ODM (14) . This lasting deleterious effect of DBM ingestion might result from altered macronutrient and hormonal milk composition (15) (16) (17) (18) .
However, as the study addressed the early neonatal nutrition, results did not show whether breast-feeding after the 1st neonatal week also has any lasting influence. The vast majority of studies on the influence of breast-feeding on later disease risk ignored whether the mother was affected by a noncommunicable, i.e., metabolic disease, during lactation and, moreover, focused only on whether breast-feeding and/or the duration of breast-feeding has any lasting consequences. No attention was given to the role of the amount of breast milk ingested and/or a certain time point ("critical period") of development when breast milk was supplied or not. However, it might have enormous practical consequences to know whether breast-feeding in general or only during a circumscribed period may have later consequences, e.g., on risk of overweight. Following up on our earlier observations (14) , here we investigated whether DBM intake during the late neonatal period and early infancy also influences risk of overweight and diabetes in ODM.
RESEARCH DESIGN AND
METHODS -Important general data concerning the cohort and its subpopulations were previously described in detail (14) . All subjects were participants of the Kaulsdorf Cohort Study, a prospective study on consequences of maternal diabetes during pregnancy for the offspring's development (9, 10, 14) . The study consisted of 317 offspring of women with type 1 diabetes (n ϭ 200) or gestational diabetes mellitus (GDM; n ϭ 117). They came from a population of 741 offspring of women with diabetes during pregnancy (type 1 diabetes: n ϭ 368; GDM: n ϭ 373) who delivered during 1980 -1989 at the Clinic of Obstetrics and Gynecology, Berlin-Kaulsdorf, Germany (former German Democratic Republic). Each mother was offered the opportunity to have her child participate in pediatric follow-up with regular physical reexaminations, including oral glucose tolerance tests (OGTTs). Regular annual follow-up examinations were planned. Whenever data were available for more than one age, we used results for the highest available age, as the development of overweight is a progressive process throughout childhood. A total of 112 infants were followed-up with complete data on nutrition throughout the neonatal period, i.e., both the early neonatal period (1st neonatal week) and the late neonatal period (2nd-4th neonatal week), as well as data on duration of breast-feeding.
Maternal data
Maternal data included age, duration of diabetes (type 1), and prepregnancy BMI. Socioeconomic/educational status was categorized by maternal occupation: unemployed (n ϭ 2), manual worker (n ϭ 20), nonmanual worker without high school diploma (n ϭ 71), or nonmanual worker with high school diploma (n ϭ 19). Geographic origin was defined as urban (n ϭ 76) or rural (n ϭ 36). Gestational age and birth weight came from birth records.
GDM was diagnosed between the 26th and 28th gestational weeks, as described previously (9, 10, 14, 19) . Glucose homeostasis was monitored weekly by 24-h day-night glucose profiles at the clinic. During monitoring, blood glucose was measured every 2 h (glucoseoxidaseperoxidase method). Women maintaining mean 24-h profiles Ͻ5.5 mmol/l were treated with diet (n ϭ 14). When a mean profile was Ն5.5 mmol/l, insulin therapy was initiated (n ϭ 15) (9, 10, 14, 19) . Diurnal blood glucose profiles were also used to monitor metabolism in women with type 1 diabetes. The area under the curve of glucose (AUCG) was calculated from data obtained in the middle of the third trimester (34th gestational week).
Nutritional data
All mothers were encouraged to breastfeed their children ad libitum. Nutritional data during the 1st neonatal week were assessed as previously described (14) . In brief, children were weighed before and after every nursing during the first 7 days of life, and mean volume of milk ingested per day was calculated by summing up the volumes ingested during the 1st neonatal week and dividing by seven. At regular follow-up examinations and interviews, embedded in the Kaulsdorf Cohort Study and performed from birth through infancy into childhood, mothers continuously provided information about breast-feeding, on the basis of which children were classified as fed with DBM only, some DBM, or no DBM during the late neonatal period (2nd-4th neonatal week). Furthermore, duration of breastfeeding (in weeks) was assessed.
Anthropometry at follow-up Body weight and height were recorded during follow-up examinations. Relative body weight (RBW) was calculated in relation to age-and sex-related standard population measures (rounded to year) as follows: relative weight (individual weight divided by median standard weight for age and sex) divided by relative height (individual height divided by median standard height for age and sex) ϫ 100 (7-9,14), as previously described (14) . RBW Ͼ110% was defined as overweight (9, 14) .
OGTT at follow-up OGTTs were performed as previously described (14) . Capillary blood samples were collected in the fasting state and then 120 min after an oral load of 1.75 g glucose/kg body wt in a 40% glucose solution. IGT was defined according to the National Diabetes Data Group criteria recommended for children: fasting glucose in capillary whole blood Ͻ6.7 mmol/l and 120-min glucose concentration Ͼ6.7 mmol/l (20) . In all cases, informed consent was given. All procedures were in accordance with the local ethical standards and the Helsinki Declaration of 1975, revised in 1983, and were approved by the local ethical committee.
Statistical analysis
Results are presented as means Ϯ SE. Group differences were analyzed using ANOVA (followed by post hoc Student's t test) and 2 test. Logistic regression analysis was performed to obtain odds ratios (ORs) with 95% CIs. Influence of the duration of breast-feeding was analyzed using linear regression analysis. As a second step, multivariate analyses were performed using five different statistical models. In model I, adjustment was performed for birth weight, gestational age, age, type of maternal diabetes, maternal BMI, and maternal age. In model II, we adjusted only for maternal blood glucose in the third trimester of pregnancy, as indicated by AUCG of diurnal blood glucose profiles in the middle of third trimester. In model III, adjustment was performed only for DBM volume ingested during the 1st neonatal week and in model IV only for duration of breastfeeding. In model V, adjustment was performed for all of these potential confounders. SPSS 10.0 software was used.
RESULTS -Basic parameters for our subcohort did not differ significantly from the remaining children of the cohort: maternal age (25.6 Ϯ 0.49 vs. 26.6 Ϯ 0.37 years, P ϭ 0.53), maternal BMI (25.8 Ϯ 0.49 vs. 27.3 Ϯ 0.32 kg/m 2 , P ϭ 0.69), gestational age (38.6 Ϯ 0.13 vs. 38.7 Ϯ 0.10 weeks, P ϭ 0.82), sex (54 vs. 121 boys, 58 vs. 84 girls, P ϭ 0.08), and children's birth weight (3,396 Ϯ 59.8 vs. 3,502 Ϯ 41.6 g, P ϭ 0.95). Mean daily milk intake during the first neonatal week was 91.7 Ϯ 64.9 g/day.
Of the 112 children, 83 were born to women with type 1 diabetes and 29 to women with GDM. Age at follow-up was 2.1 Ϯ 0.1 years. No differences were found between types of maternal diabetes regarding maternal age, maternal BMI, or gestational age. Mean maternal blood glucose during 24-h glucose monitoring in the third trimester of pregnancy did not show a significant difference between women with GDM (5.3 Ϯ 0.14 mmol/l, n ϭ 29) and those with type 1 diabetes (4.9 Ϯ 0.14 mmol/l, n ϭ 83, P ϭ 0.12 by unpaired t test). Pregestational duration of type 1 diabetes was 9.6 Ϯ 0.62 years. Regarding type of maternal diabetes, infant data did not show significant differences in mean age at follow-up, RBW, percentage of overweight children, fasting Diabetic breast milk in late neonatal life and 120-min results of OGTT, or IGT prevalence (data not shown here; [14] ).
Regarding AUCG in the middle of third trimester in all women, univariate regression analysis showed no significant relation with children's RBW at follow-up (␤ ϭ Ϫ0.13, P ϭ 0.16), fasting blood glucose (␤ ϭ 0.14, P ϭ 0.14), or 120-min glucose (␤ ϭ Ϫ0.10, P ϭ 0. Regarding the type of late neonatal nutrition, no significant differences were observed for type of maternal diabetes or gestational age or for birth weight, sex, or mean age at follow-up (Table 1) . Mothers of breast-fed infants were younger than those not breast-feeding. Children who were not breast-fed during the late neonatal period had ingested significantly less DBM in the early neonatal period compared with those partly or solely breastfed (no DBM: 26 Ϯ 6.9 g/day [n ϭ 31] vs. Table 2 shows separate analyses of outcome parameters in children of mothers with GDM and in children of mothers with type 1 diabetes. In both cases, DBM volume ingested during the 1st neonatal week was positively associated with RBW later in childhood, confirming earlier results obtained for the entire cohort (14) . Similarly, higher DBM intake during the 2nd-4th neonatal weeks was associated with higher RBW in childhood in both subgroups. We therefore decided to combine both subgroups for further analysis, which also increased the power of the multivariate analysis. Table 3 shows results of the combined analysis (GDM plus type 1 diabetes) with and without adjustment for confounders. RBW was lowest in children who had not ingested DBM during the late neonatal period and highest in those fed with DBM only. However, the difference became nonsignificant when adjustment was made for DBM volume ingested during the 1st neonatal week. DBM volume ingested during the 1st week still showed a significant association with RBW in childhood (P ϭ 0.02). Univariate logistic regression analysis revealed a twofold increased risk of overweight in children fed with DBM. Additionally, the prevalence of obesity in children (RBW Ͼ120%) only fed with DBM during the late neonatal period was nearly doubled compared with those of ODM fed with some or no DBM (no DBM: 6% [ Univariate linear regression analysis showed that duration of breast-feeding was positively related to later RBW (␤ ϭ 0.27, P ϭ 0.004). However, no significant relationship remained after adjustment for DBM volume ingested during the 1st neonatal week (␤ ϭ 0.13, P ϭ 0.22). Similarly, duration of breast-feeding with DBM showed a positive association with 120-min glucose during OGTT (␤ ϭ 0.22, P ϭ 0.02), and this group difference turned nonsignificant after adjustment 9 (25) 17 (38) CONCLUSIONS -In a previous study, we observed a positive dosedependent relation between DBM volume ingested during the 1st neonatal week and later risk of overweight in ODM (14) . Here, we additionally investigated the influence of DBM ingestion during the late neonatal period and early infancy. Our study shows that DBM ingestion during the late neonatal period is also associated with increased risk of overweight and diabetogenic disturbances. However, after adjusting for the amount of DBM intake during the 1st neonatal week, no significant influence on RBW or on glucose tolerance at mean age of 2 years remains with respect to the kind of nutrition (solely, partly, or not breastfed) during the late neonatal period. Comparable results were obtained for the duration of breast-feeding. That means, neither late neonatal DBM intake nor the duration of breast-feeding has an independent influence on childhood risk of overweight or IGT in ODM. Studies (1-6) performed in general populations indicate protective effects of breast-feeding. Comparison of exclusive breast-feeding with exclusive formula feeding revealed protective effects of breast-feeding against becoming overweight. A longer duration of breast-feeding was associated with reduced risk of developing overweight or type 2 diabetes.
However, none of these studies evaluated a possible presence of noncommunicable diseases, such as maternal diabetes, or even considered this. In a previous study (14) , however, we found an adverse effect of DBM volume ingested by ODM during the early neonatal period on RBW in later childhood. We know of only two other studies (21, 22) that have investigated consequences of breast-feeding of mothers with diabetes for risk of overweight in their offspring. And considering that the majority of population-based studies described effects on risk of overweight based on breast-feeding during the late neonatal period and far beyond into the first year of life, the question is whether DBM ingestion during this late neonatal period also has discernible effects.
In addition to the early nutritional measurements used in our prior study, data on later neonatal nutrition were based on regular maternal information here. It is noteworthy that our information on infant nutrition was not obtained retrospectively, but the current state of nutrition was continuously updated during regular interviews from birth through infancy into childhood, as an integral part of the prospective Kaulsdorf Cohort Study. The data used for our analyses can therefore be regarded as of particular high validity.
Analyzing crude data revealed that DBM ingestion during the late neonatal period was associated with increased body weight and a doubled risk of overweight. Comparable findings in outcome parameters were observed in both subgroups, i.e., in children of both GDM and type 1 diabetes. Therefore, to increase statistical power, we combined these subgroups for further analyses. We found that adjustment for the DBM volume ingested during the early neonatal period (1st neonatal week) resulted in a decrease of risk estimates and made results nonsignificant. In other words, DBM ingestion during the late neonatal period per se showed no significant influence on later risk of overweight or diabetes. We therefore hypothesize that the 1st neonatal week represents the critical period, when exposure to DBM may have a negative long-term influence on risk of overweight and diabetes in ODM. This might have important practical consequences.
The composition of colostrum and transitional milk of women with diabetes could play a particularly critical role. Note, milk glucose concentrations have been shown to be proportional to blood glucose concentrations (16, 23) , leading to increased glucose levels in the colostrum of diabetic mothers (18) . As colostrum is synthesized even in late pregnancy (24) , one has to expect metabolic alterations in this period to be mirrored in colostrum, possibly even regardless of maternal metabolism postpartum. And if a mother with GDM does not show complete normalization of glucose metabolism after pregnancy (25) , increased glucose could be expected in breast milk produced postpartum. Furthermore, insulin concentrations in breast milk from diabetic mothers are several times higher (16) , and insulin can cross the intestinal blood-mucosa barrier neonatally (26) . Consequently, increased insulin levels in breast milk might lead to increased insulin in the child's blood. A number of studies indicate, however, that children exposed to increased concentrations of glucose and insulin in utero are at increased risk of overweight and insulin resistance later in life (7) (8) (9) (10) . Alterations in colostrum might therefore be responsible for lasting consequences of early neonatal DBM ingestion on increased risk of overweight. Altogether, these aspects point to the particular importance of the early neonatal period regarding a nutritional and hormonal programming in ODM.
Surprisingly, we did not observe a significant relationship between maternal blood glucose in the middle of the third gestational trimester and later body weight or glucose tolerance. It is noteworthy, however, that these results confirm other similar observations (27) . To the best of our knowledge, this study is the first to investigate directly, that is, quantitatively in terms of correlative relations, the consequences of altered maternal blood glucose concentrations during pregnancy on later risk of overweight, IGT, etc., in the offspring. Our observations seem to contradict the pathophysiological key role of hyperglycemia and its direct and indirect consequences in diabetic pregnancies on children's outcome. However, for all women investigated in our case, therapy led to normal average blood glucose levels in graviditate, as estimated by blood glucose profiles in the middle of the third trimester. As a crude indicator of successful therapy, moreover, mean birth weight was also normal. In this context, it should be noted that Silverman and colleagues (8, 28) found a positive relationship between amniotic insulin concentration (which is strongly indicative of maternal glycemia) and later risk of overweight and IGT in ODM. The absence of a significant relation between maternal gestational glycemia, normalized under therapeutic control during pregnancy, and the offspring's outcome might therefore point to the particular importance of neonatal nutrition in ODM. This conclusion has to be confirmed in further studies. Remarkably, however, mean maternal blood glucose during 24-h glucose profiles postpartum was higher than in the middle of the third trimester, indicating a nonnormalized or even aggravated maternal glucose metabolism, thereby further underlining the importance of adequate metabolic control immediately postpartum.
Breast feeding is the best way for healthy mothers to nurture healthy term children. Fortunately, diabetic women are encouraged and choose to breast-feed their newborns as often as healthy women do (29) . Our findings, if they can be extrapolated to other populations, might pose a dilemma for pregnant women with diabetes, making them doubt whether breast-feeding is really beneficial or may even increase their child's risk of becoming overweight and developing associated metabolic disorders. At least regarding breast-feeding during the late neonatal period and early infancy, that is after the 1st week of life, these potential concerns should be allayed by our study. Nevertheless, our findings again strongly underline the urgent need to address potential lasting advantages but also possible disadvantages of breast-feeding by mothers with diabetes during pregnancy (14) . Such consequences need to be further clarified in future studies of lasting, possibly life-long persisting benefits and harms of ingesting DBM during critical periods of neonatal programming and development.
